Cronin, J, Lawton, T, Harris, N, Kilding, A, and McMaster, DT. A brief review of handgrip strength and sport performance. J Strength Cond Res 31(11): 3187-3217, 2017-Tests of handgrip strength (HGS) and handgrip force (HGF) are commonly used across a number of sporting populations. Measures of HGS and HGF have also been used by practitioners and researchers to evaluate links with sports performance. This article first evaluates the validity and reliability of various handgrip dynamometers (HGD) and HGF sensors, providing recommendations for procedures to ensure that precise and reliable data are collected as part of an athlete's testing battery. Second, the differences in HGS between elite and subelite athletes and the relationships between HGS, HGF, and sports performance are discussed.
INTRODUCTION

S
trength and conditioning coaches are interested in measures that can objectively monitor progress and guide programming for rehabilitation and strength training of the hand, forearm, and the surrounding musculature. The hand is a complex anatomical system comprising 27 bones and 15 joints with approximately 308 of rotational and translational freedom designed to grasp and apply force to objects of all shapes and sizes and to perform a combination of intricate finely controlled movements (118) . A number of sports where grasping and force application is important, such as baseball, climbing, golf, hockey, paddling, swimming, tennis, weightlifting, and wrestling, require a sufficient, if not high degree of handgrip strength (HGS) for optimizing performance and potentially preventing injury. Practically, such measures would need to be affordable, portable, reliable, and sensitive to detecting meaningful change in performance. The challenge for practitioners is to find measures that fulfill the aforementioned criteria and use them to guide training to a better effect. One measure that may fulfill such criteria could be the use of handgrip dynamometry to measure maximum isometric HGS.
A number of handgrip dynamometers (HGDs) review articles have been published addressing the reliability, validity, and standardization of HGS testing protocols across a range of populations (79, 82, 141, 186) ; however, only 1 brief review to date has addressed the effectiveness of HGS testing in athletes (186) . From a sports performance perspective, it is of interest to learn how HGS relates to and effects sports-specific actions and movement patterns. This review aims to first provide insight into the validity and reliability of HGS and handgrip force (HGF) assessment protocols, which would aid practitioners in selecting the appropriate method and device for testing; second to examine the relationships between HGS and sport performance to determine whether increased HGS contributes to improved sports performance.
METHODS
Literature Search
The following electronic databases were searched: MED-LINE, EBSCOhost, Google Scholar, IngentaConnect, Ovid LWW, ProQuest Central, PubMed Central, ScienceDirect Journals, SPORTDiscus, and Wiley-InterScience. The following keywords were used in various combinations during the electronic searches: hand, grip, dynamometer, dynamometry, strength, force, maximum, effort, isometric, static, measure, output, quantify, assess, evaluate, test, reliability, validity, sport, athlete, performance, physical, physiological, biomechanical, profile, correlation, relationship, comparison, difference, elite, novice, amateur, and sub-elite. The searches identified 11,400 potentially relevant articles. After a review of titles and abstracts, the total was reduced to 203 . Original research articles, technical notes, and conference abstracts written in English focusing on HGD, HGS, and HGFs in all healthy human population groups (e.g., athletes, general population, adolescents, teenagers, adults, and elderly) were included in the initial screening phase. Final selections were based on the following inclusion criteria: (a) studies that reported on the reliability and validity of HGD and HGS testing protocols across all healthy human population groups (N = 39); (b) studies that reported the differences in HGS between elite and sub-elite athletes (N = 31); and (c) studies that investigated the relationships between HGS and sport performance (N = 74). The number of articles included in this review focusing on HGS, HGF, and sports performance are as follows: baseball (n = 18), basketball (n = 2), bowling (n = 2), boxing (n = 1), climbing (n = 8), canoe (n = 1), cricket (n = 3), equestrian (n = 2), field hockey (n = 3), American football (n = 3), European football (n = 1), golf (n = 8), gymnastics (n = 1), handball (n = 3), ice hockey (n = 3), judo (n = 5), lacrosse (n = 1), mountain biking (n = 1), powerlifting (n = 1), rowing (n = 1), rugby (n = 1), swimming (n = 5), tennis (n = 9), volleyball (n = 3), waterpolo (n = 5), weightlifting (n = 1), and wrestling (n = 6).
Statistical Analyses and Interpretation
Interclass correlation coefficients (ICCs) were reported to assess the intertrial and interday reliability of a given HGD and HGS testing protocol. Pearson product moment correlations (r) were reported to determine the association between HGS and sport performance. The following correlation thresholds were used to determine the reliability of the respective HGS testing protocols (ICC) and relationships to sport performance (r): trivial (#0. 
PART 1. VALIDITY AND RELIABILITY OF HANDGRIP STRENGTH DYNAMOMETERS AND TESTING PROTOCOLS
Validity of Handgrip Strength Dynamometers
Given the various commercially available manufacturing designs and mechanisms to measure HGS (e.g., hydraulic, spring, strain gauge, and pneumatic), practitioners may be concerned whether the accuracy and validity of HGDs is an adequate estimate of "true" isometric HGS. Sealed hydraulic dynamometers measure grip force (kgf ). The pneumatic systems measure grip pressure (mm Hg, pounds per square inch [PSI] , or Pascals) through the compression of air-filled compartments. Mechanical systems detect the amount of spring tension (kgf ). The strain gauge systems detect changes in electrical resistance due to strain and force (Newton's) applied to the system. Electronic systems often incorporate a hydraulic dynamometer and a strain gauge to improve the accuracy of the force measurement.
Calibration studies conducted by Bellace et al. (11) and Cadenas-Sanchez el al. (21) found measurement errors of less than 1, 2, and 4% for the Jamar hydraulic, Dexter strain gauge, and Takei (TKK) dynamometers, respectively. However, Shectman et al. (158) found measurement errors of 1.6 and 7.5% for DynEx and Jamar hydraulic dynamometers, respectively. They also observed force differences of 4-10% between the Jamar and DynEx dynamometers across a range of known loads (9.1-45.4 kg). Dynamometer interchangeability has been evaluated mainly by comparing the Jamar hydraulic dynamometer as the apparent "gold standard" with newer yet to be validated dynamometers. Guerra and Amaral (65) determined that when 4 different devices (hydraulic, spring loaded, and pneumatic) were compared with a known laboratory standard (Jamar hydraulic dynamometer), the correlations between the criterion force (hydraulic dynamometer) and that measured by each device was found to be nearly perfect (r . 0.96). These findings are in agreement with previous research, where nearly perfect correlations (r $ 0.90) were also observed between hydraulic and strain gauge dynamometers (10, 111) . By contrast, moderate to nearly perfect correlations (r = 0.41-0.98) were observed between hydraulic dynamometers and various pneumatic dynamometers (44, 70, 105, 167) . A more recent study found the Wii balance board to provide valid (r = 0.80-0.88) measures of HGS in comparison with a previously validated hydraulic dynamometer (13) .
It is recommended that HGDs not be used interchangeably to measure and monitor HGS changes over time (79, 140) . Given interchangeability is not recommended, practitioners should purchase devices that remain durable for the period of any investigation required. In terms of durability, it appears that dynamometers manufactured using strain gauges may be preferable to spring-based or hydraulic pressure systems, as the latter may produce erroneous data due to wear and tear of metal, slow leaks, or hysteresis (154) . This emphasizes the importance for practitioners to maintain calibration standards, with some authors recommending dynamometer calibration every 4-6 months to ensure longitudinal validity is maintained (154) .
A standardized testing position is particularly important when assessing HGS given the multiarticular functions of the hand and forearm muscles (79) . Without standardization, variations in HGS may simply be related to changes in assessment protocols. The American Society of Hand Therapists recommends that participants in a clinical setting are assessed sitting in a straight-back chair, with feet flat on the floor, shoulders adducted and neutrally rotated, elbow flexed at 908, forearm in neutral position with the wrist selfselected between 0 and 308 extension and between 0 and 158 ulnar deviation (43 (37, 139) . These findings indicated the importance of standardizing body position and posture during HGS assessment. Recommend a fully extended elbow as it allows a greater HGS measure than when compared with assessments taken with the elbow flexed at 908 (10, 38, 127, 171) ; Concluded that wrist position affected HGS measurement with forearm pronation and wrist flexion producing lower values when compared, respectively, with neutral or extended positions (140) . It seems that the optimum wrist position may be self-selected (generally 358 wrist extension and 78 ulnar deviation) from which any deviation seems to decrease HGS. Found HGS was the greatest with 1808 of shoulder flexion (i.e., arm overhead) together with an extended elbow (171) . The reader should be cognizant that the aforementioned standardized clinical HGS testing protocols may not be appropriate and/or specific to the HGS positions and HGF requirements of sporting populations, which are subsequently addressed.
Reliability of Handgrip Strength Testing
Once the essential body postures are clearly documented as a protocol, practitioners should ascertain other possible confounding factors warranting control or recording in notes, to stabilize interpretation of test-retest measures.
Interrater reliability is important when different assessors are involved in the measurement of individuals using the same device. Several studies have evaluated different assessors using identical HGS protocols and reported very large to nearly perfect interrater reliability (ICC = 0.86-0.99) (94, 98, 126, 154) . Interrater reliability was improved when 2 assessors were compared using the average of 3 measurements adhering to the same testing protocol. However, extensive protocol training or experience may not be required as interrater reliability did not differ notably over 3 consecutive trials for assessors with over 20 hours or less than 5 hours of testing experience (154) .
Handgrip strength test-retest reliability time points have ranged from 3 hours to 12 weeks depending on the testing protocol and population of interest. Large variability in the test-retest reliability findings (ICC = 0.48-0.99) have been reported in the literature (9, 13, 23, 38, 39, 46, 59, 60, 65, 69, 84, 93, 98, 110, 112, 119, 124, 140, 158, 166, 188, 190) . Given such broad ranges, it is recommended that practitioners quantify the reliability of their own assessment protocols, to gain insight as to whether procedures warrant review, or if the equipment is in need of replacing. The factors that warrant consideration when establishing an HGS protocol are summarized herewith ( Table 1) :
As it may be the case that practitioners will be monitoring small samples sizes (n # 25), a key recommendation was that at least 3 trials are recorded to provide better measurement reliability, irrespective of whether the maximum or mean score is examined (140) . In general, the average of 3 measurements has proved more reliable (ICC = 0.93-0.99) than any single measurement (ICC = 0.86-0.97) (140) . It is important to standardize and provide adequate recovery between trials (1-2 minutes) to minimize the effects of fatigue on HGS and maintain a high level of intertrial reliability. Studies have reported that HGS declines with reduced intertrial rest (15-60 seconds) because of a lack of recovery (increase in fatigue), which could be eliminated by increasing the duration of intertrial rest ($1 minute) (66, 181) . Subsequently, researchers who have adequate and clearly defined rest interval durations reported nearly perfect intertrial reliability (ICC = 0.92-0.99) (66, 145, 181) . By contrast, Dunwoody et al. (34) implemented intertrial rest periods of 2 minutes and found that HGS increased (ES = 2.78; very large) from trial 1 to trial 4 in healthy college students, indicating a learning effect and possibly a postactivation potentiation effect. The effect postactivation potentiation protocols and intertrial rest on HGS requires further investigation. It is important to standardize body and limb (segment) positions across testing sessions to ensure high testretest reliability. As discussed previously, using a seated vs. standing position, an extended vs. flexed elbow, and/ or a supinated vs. pronated forearm positioning will inevitably influence HGS (37, 124, 125, 139, 140) . The age and sex of participants seem to influence reliability and absolute HGS. When reassessed 1 week apart, HGS reliability in healthy "young to middleaged" adults was very strong (ICC = 0.99), although slightly lower test-retest values (r = 0.70) have been observed in young adults aged 18-25 years (71). Similarly, very low reliability (ICC = 0.48) was reported for adolescent girls (age = 13-17 years), by contrast their male (age = 13-17 years) counterparts produced reliability (ICC = 0.98) (23). Werle et al. (194) found a curvilinear relationship between HGS and age in a large study (n = 1,023) of 18-96 year olds, with HGS peaking in the 25-39 age group and declining gradually thereafter. Therefore, it is recommended that the age and sex of the sample be reported along with reliability for any established normative data. Similarly, it seems that occupation, leisure activity, sport, and training status may also affect HGS (97, 151) . Josty et al. (83) , for instance, reported that male office workers had significantly weaker HGS compared with equally aged car mechanics and farmers. Based on job demands, the magnitude of force required during repetitive HG tasks performed by a car mechanic and other physical occupations (e.g., grasping and lifting heavy objects, using hand-tools, such as wrenches, ratchets, saws, drills, and hammers) will differ greatly in comparison with office workers (e.g., typing, clicking a mouse, filing, and answering the phone). Schick et al. (151) also reported significantly greater HGS in boxers compared with mixed-martial artists. Practitioners should therefore take note of the physical (35) . Studies have shown that grip widths and diameters between 3.81 and 5.08 cm are optimal for maximizing grip strength in adults (14, 35, 190) . Handgrip strength was optimized, when individuals were permitted to selfselect grip-width (diameter); 46 and 54% of the subjects selected handgrip diameters of 4.76 cm (position 2) and 6.03 cm (position 3), respectively (14) . Of interest, HGS measured at a width of 10% greater (HGS = 44.7 kg) than the self-selected (HGS = 45.2 kg) width was not significantly different, whereas HGS was significantly reduced using widths of 10% less (HGS = 43.6 kg) than the selfselected width (190) . Therefore, it can be inferred that a grip width of half the distance between the index fingertip and the metacarpophalangeal flexion crease at the base of the thumb is optimal for achieving maximum HGS. As for reliability, there does not seem to be any notable difference between retest measures if handle positions are used consistently. However, the following factors should also be considered:
Handgrip strength reliability observed for participants with a ratio showing greater length of palm than width (ICC = 0. Hand-to-Projectile Interactions in Sport. Hand-to-projectile interactions can be defined as any action where the hand must apply force to an object causing projectile motion of the object, including, but not limited to, throwing (e.g., baseball, cricket, water polo, handball, American football, rugby, soccer, shot put, discus, javelin, and hammer throw), bowling (overarm and underarm), shooting (e.g., basketball and netball), and hitting (volleyball and Australian Rules football). A number of these actions use a variation of the "precision grip" dependent on the action, size, and shape of the object (177, 198) . Intuitively assessing HGS using a sports-specific grip may provide a better representation of the athlete's "true" (sports-specific) HGS. Tajika et al. (177) assessed handgrip and pinch grip strength in high school baseball pitchers using the standardized seated position recommended by the American Society of Hand Therapists. Considering that hand and pinch strength are relatively unrelated (r 2 = 2-4%), the inclusion of the various pinch grips allows for a more comprehensive assessment of hand, finger, and thumb strength of baseball pitchers (177). Tan et al. (178, 179) developed a similar and reliable protocol (r = 0.91) to measure 10-pin bowling-specific HGS, where only the fingers used in holding the bowling ball were tested. When compared with a conventional HGS test, only a small nonsignificant relationship (r 2 = 7%) was observed, which reiterates the importance of developing sport and object HGS testing protocols to better inform coaches and practitioners of the athlete's sport-and object-specific (e.g., shape, size, mass, texture, and density) HGS.
Hand-to-Implement Interactions in Sport. The "power grip" is also commonly used in sport when gripping cylindricalshaped implements and objects, such as clubs (golf ), bats (baseball, softball, and cricket), rackets (tennis, badminton, and squash), sticks (field hockey, lacrosse, and ice hockey), bars (weightlifting, powerlifting, and strongman), and axes (lumberjack athletes) (198) . The hand is the final link (i.e., terminal point of contact) along the kinetic chain where the generated forces and torques are transferred to the implement or object, hence the importance of handgrip function and strength to the above sports-specific movements. The "power grip" more closely resembles the grip used during conventional standing and seated HGS testing protocols. One study found leather work gloves significantly reduced HGS (33 vs. 43 kgf ) in comparison with no gloves (142) , which may be an important consideration for athletes who wear gloves during competition, such as golfers, baseball players, and ice hockey players. One must also consider the shape, diameter, and mass of the implement, and/or object used in sport when determining how to affectively measure sports-specific HGS.
To overcome the inherent limitation of maximum isometric HGS assessments, researchers have designed and examined HGF and pressure using specialized sensors during dynamic movements and sports-specific actions, such as swinging a club, racket, bat, and stick (36, 89, 90, 92, 95, 121, 123, 152, 170, 202) . Before dynamic human trials, the pressure and force sensing devices were calibrated and validated using a range of static and dynamic procedures. Komi et al. (92) assessed the static and dynamic validity and reliability of the following 3 sensors with mixed outcomes; F-Scan 9811 pressure sensors (measurement error = 6.7 6 4.8%), flexiforce sensors (measurement error = 10.0 6 3.5%), and quantum tunneling composite electrodes (measurement error = 13.0 6 2.8%). Data were sampled at frequencies of 264, 640-1,280, and 640-1,280 Hz, respectively. Similar to the hand dynamometers, a range of known loads were used to calibrate the F-Scan (pressure = 310 kPa), flexiforce (range = 0.4-11.2 kg; r 2 = 0.94), and quantum tunneling composite (range = 0.4-11.2 kg; r 2 = 0.95) sensors. All 3 sensors were more accurate during the static tests (measurement error = 6.7-13.0%) in comparison with the dynamic tests (measurement error = 15-64%). Similar static validation findings using F-Scan (measurement error = 1.3-5.8%), resistive sensors (force measurement error ,2 N; r 2 = 0.988), and load cells (r 2 . 0.994) were also observed (7, 17, 89, 90, 152, 202) .
During sports-specific movement trials, sensor-sampling frequencies ranged from 100 to 2,900 Hz depending on the sensor of interest. Within-and between-subject reliability of HGF produced during the different sports-specific movement patterns were assessed using varying sample sizes (n = 2-28) across 4-32 trials depending on the study (Table 3) . Researchers found that within-subject total HGF (coefficient of variation [CV] , 10%), force at impact (CV , 5%), and the impulse (r = 0.95) to be reliable during the golf swing in male and female recreational, collegiate, and professional golfers, as measured using F-Scan sensors sampled at 100 and 264 Hz, respectively (95, 152) . However, higher between-subject HGF variability (CV = 20-60%) was observed throughout the phases of the golf swing; the between-subject variability was also higher during the backswing (CV = 30-60%), and lower just before impact (CV = 20-30%). In varsity and professional tennis players, Knudson and White (90) observed poor within-subject HGF reliability at impact (CV = 27 6 9%) and postimpact (CV = 69 6 44%) when returning balls fired at 20 m$s 21 from a ball machine. Knudson (89) also observed less within-subject variability in preimpact (CV = 13-27%) and postimpact (CV = 15-29%) HGF during the one-handed backhand stroke under a similar testing protocol. Similarly, poor between-subject HGF reliability was observed in cricket batting preimpact (CV = 31-32%), on-impact (CV = 23-51%), and postimpact (CV = 20-41%) with the ball bowled at a medium-fast pace; the within-subject reliability was not reported (169) . Interestingly and as expected, HGF produced by skilled-elite (CV = 23 6 8%) tennis players were larger and less variable than their less skilled-subelite (CV = 33 6 7%) counterparts.
The above observations indicate that the within-subject HGF produced during the golf swing are less variable and more reliable than the forehand and backhand tennis strokes in part due to the reactive nature of tennis (i.e., making contact with a moving object) in comparison with the nonreactive nature of golf (i.e., hitting a stationary ball). Another possible explanation is that larger vibration forces are experienced by the hands during a tennis stroke because of the length discrepancy between tennis rackets and golf clubs. Detailed analyses and interpretation of HGF-time signatures using accurate pressure and force sensors during dynamic sports-specific actions could greatly improve current HGF diagnostics to optimize sport performance.
Hand-to-Immovable Apparatus or Surface Interactions in Sport.
High relative HGS and HGS endurance is required for climbing and gymnastics, where the athlete is moving his or her body around an immovable apparatus (e.g., rock-wall, mountain, parallel bars, uneven bars, and the pummel horse) for an extended period. A number of rock climbing studies have assessed maximum HGS (ICC = 0.93-0.96) and HGS endurance (ICC = 0.86-0.92) from a hanging position with the elbows flexed at 908 and with the elbows fully extended overhead (5,9,102). Balas et al. (9) observed moderate (r = 0.49) and very large (r = 0.72) correlations between conventional HGS and hanging HGS endurance in elite male and female rock climbers, respectively. These highly reliable rock climbing-specific maximum HGS and HGS endurance testing protocols can be implemented as possible indicators of rock climbing ability, as discussed in the following section (part 2). Amca et al. (5) developed laboratory-based protocols similar to the previously mentioned hanging position using a wall-mounted force plate to measure maximum force (vertical and anteroposterior) generated during rock climbing-specific grips (half-crimp and crimp grip); however, the reliability of these protocols were not reported. Detailed biomechanical assessments of hand and finger forces produced during climbing-specific grips (e.g., crimp and slope grips) have also been measured using high frequency sampling (1,024 Hz) strain gauge technology in trained climbers; the reliability of these assessments were not reported (135, 155) . No research to date has been conducted on HGF measures during climbing and/or gymnastics events.
Hand-to-Hand Combat. In hand-to-hand combat sports, such as wrestling, judo, jiu-jitsu, and mixed martial arts, maximum HGS is important when pushing, pulling, throwing, and controlling your opponent. Possessing a high level of HGS endurance is also believed to be important, if, and when the match/fight progresses into the later rounds (15, 30, 48) . Therefore, it is recommended to include measures of maximum HGS and HGS endurance in the physical assessment battery of hand-to-hand combat sports. Hanging position HGS endurance protocols using judogi and kimono sleeves (ICC . 0.98) have been used in Judo (judokas) and Jiu Jitsu athletes to better assess sports-specific HGS endurance of these 2 disciplines (45,48). Bonitch-Gó ngora et al. (15) implemented a novel HGS fatigue (endurance) protocol in judo athletes using the conventional position recommended by the American Society of Hand Therapist (43) , where the athletes completed 8 consecutive maximum isometric contractions of 10 seconds with a 10-second rest between contractions. Significant reductions (p = 0.000) in HG torque were observed between the first and eighth contraction in elite male (ES = 2.12) and female (ES = 1.38) judo athletes. Dias et al. (30) also implemented a similar protocol consisting of a 10-second maximum isometric contraction using a strain gauge dynamometer to measure peak force, timeto-peak force, impulse, and fatigue in highly trained judokas. Judo combat can be characterized as a high-intensity intermittent sport requiring a combination of maximum strength and endurance during grip combat, where the ability to rapidly obtain and sustain a strong grip and pull or push the opponent is a desired attribute in judo athletes. A valid (r = 0.78) and reliable (ICC = 0.97) judo-specific maximum HG pulling force protocol has also been developed using a specialized strain gauge, where the athletes gripped a judogi sleeve in a standing position with shoulder adducted, the elbow flexed at 908, and the forearm in a neutral position (29, 72) . Although this is a measure of pulling strength and not a direct measure of HGS, the hand is the only point of contact to apply and transfer force to the judogi sleeve.
Again, no research to date has been conducted on HGF measures during any hand-to-hand combat sports.
Handgrip Strength Assessment Recommendations
In summary, a variety of HGDs, strain gauges, and pressure sensors are available to practitioners to measure and monitor HGS and HGF under isometric and dynamic conditions. As dynamometers differ in manufacturing design, they produce different absolute measurements and therefore should not be used interchangeably. The reliability of HGS measures is dependent on the maintenance and calibration of the dynamometer; therefore, the servicing of equipment should be carefully considered and implemented by the practitioner. If various practitioners are to be involved in assessing participants, the interrater reliability for any protocol should be reported, and protocols refined.
A summary of HGS testing protocols is provided in Table  1 ; however, we recommend practitioners consider the following and establish their own test-retest reliability for assessing HGS:
The posture and position of shoulder, elbow, forearm, and wrist are accurately described and replicated on each test occasion. At least 3 trials are performed with rest intervals of at least 1 minute. Retest reliability is assessed over 3 separate sessions and examined using either the peak or average of the 3 trials of each testing occasion.
The age, sex, hand dominance, anthropometrics, and sport demographics of participants are reported along with ICC or test-retest correlations. The HG width setting chosen is noted along with the dynamometer specifications and manufacturer details. Conditions associated with testing such as participant observation, encouragement, nutrition, or environment are reported. Handgrip strength dynamometry, as with any assessment tool, requires rigid adherence to protocols to provide robust and reliable performance monitoring.
More advanced laboratory-based handgrip testing protocols have also been used to affectively assess isometric and dynamic HGF and torque in athletes (4, 33, 66, 68, 84, 89, 178) . Handgrip strength testing protocols using specialized force and pressure sensors have also been implemented to accurately measure and monitor HGF during sports-specific actions, such as swinging a club, bat, stick, or racket (Table 2) . However, dynamic HGF protocols using advance technology may be less viable and practical than the previously mentioned protocols using commercially available HGD. relationship and effects of HGS to sport and athlete performance. During a number of sport-specific movements, the hand is the only point of physical contact between the athlete and the implement and/or object, hence the functional importance of the hand to sport performance (198, 202) . Young (198) describes and illustrates the differences between the "precision grip" used for grasping sphere-shaped objects (e.g., balls) and the "power grip" used for grasping cylindrical-shaped objects (e.g., clubs, bats, rackets, sticks, and paddles). Most sportsspecific actions involving the hand used the precision grip, power grip, or a variation of these grips. Handgrip strength is believed to be an important attribute for throwing (e.g., baseball, softball, cricket, American football, European football, rugby, handball, water polo, javelin, hammer throw, discus, and shot put), bowling (i.e., overhand and underhand), punching, clinching, and grappling in hand-tohand combat sports, paddling (e.g., row, canoe, and kayak), and swinging a racket, stick, bat, or club (e.g., cricket, baseball, golf, tennis, squash, lacrosse, field hockey, and ice hockey) (61, 66, 127, 163, 173, 200, 202) . Other sports requiring a sufficient to high level of HGS may include the following: basketball, volleyball, rock climbing, swimming, sailing, riding/driving (e.g., horses, bulls, mountain bikes, motorcycles, and racecars), and strength athletes (e.g., weightlifting, powerlifting, and strongman).
On review of the available HGS literature at publication, the authors observed that some sports such as baseball, golf, climbing, swimming, water polo, wrestling, judo, handball, and tennis have had more research attention. By contrast, other sports where HGS is also believed to play a role in performance had minimal research attention, such as paddling sports (e.g., kayaking, rowing, and canoeing), hockey (ice and field), basketball, volleyball, riding (horses, bulls, bikes, and motorcycles), and driving (racecars). Because of the lack of studies investigating the relationship between HGS and performance in a number of sports, making definitive conclusions and recommendations for practitioners is problematic. Furthermore, there is a lack of longitudinal interventions constraining interpretations about causal relationships between training methods to improve HGS and performance outcomes. However, the studies presented in Tables 3 and 4 provide evidence to support, as well as refute the importance of and relationships between HGS and sport performance.
A large number of studies found that elite and successful athletes possessed greater HGS in comparison with their subelite and less successful counterparts (Table 3) , supporting the relationship (Table 4) between HGS and the level of sporting ability (15, 28, 33, 52, 55, 56, 63, 87, 129, 143, 159) . By contrast, some studies found minimal differences in HGS between elite and subelite athletes (27, 109, 132, 136, 148, 157, 199) . However, closer examination of the included studies has provided some clarity and revealed a number of trends between HGS and performance across a range of sports. Subsequent This section will focus primarily on the relationships between HGS and the following sports-specific actions: throwing (overhand and underhand) and bowling (overhand and underhand) a ball and swinging a stick, club, bat, and racket. Trivial to nearly perfect correlations were observed between HGS and throwing velocity (r = 0.22-0.62), throwing energy (0.89-0.91), cricket bowling accuracy (r = 0.03), 10-pin bowling accuracy (r = 20.12 to 0.27), bat, club, and stick/puck speed (r = 0.31-0.85), bat energy (r = 0.88-0.90), fielding percentage (r = 20.09), and golf, field hockey, ice hockey, and lacrosse shot accuracy (r = 20.11 to 0.36) (3,4,6,16,18,31,51,73,78,106,107,120,134,138,164,165,172,176-,178,179,189,192,193,202) . These findings suggest that HGS is more closely related to rotational movements requiring high torque, work, and velocity generating abilities, whereas movements requiring a high amount of technical precision and accuracy seem to be less related to HGS. Similarly, once a threshold of HGS is attained, further competitive advantage may not be gained where the coordination and timing (e.g., bat, club, stick, and racket sports) of skilled actions is more important (174) . A number of studies also found other measures of upper and lower strength (e.g., shoulder rotation, torso rotation, lower back, chest, back squat, hang clean, pull-up, bent-over row, cable woodchop, and bench press), ballistic ability (e.g., medicine ball chest pass, rotational medicine ball throw, vertical, and lateral jumps), technical ability (e.g., shoulder, elbow and knee angles during wind-up, and release), and body composition (e.g., height, arm length, body mass, and lean body mass) to have moderate to nearly perfect associations (r = 0.34-0.95) with overhand bowling (cricket), throwing (baseball and softball), and bat and club velocities (3,16,50,62,73,74,86,96,101,103,117,134,137,172,173,176,192,-193,197) . It also seems that increased HGS is associated with greater upper strength, ballistic performance (r = 0.65), body mass (r = 0.50), lean body mass (r = 0.56-0.57), and height (r = 0.33) across a number of these sports (91, 129, 149, 177) .
A comparison of professional baseball players revealed trivial and moderate nonsignificant HGS differences between the Major League Baseball (MLB) and minor league baseball ("AAA" and "AA") players, respectively, whereas moderate and large significant differences were observed between MLB players in comparison with "A" and rookie league players, respectively (76) . Possibly indicating that there are minimal differences in HGS between the various groups of professional baseball players; whereas a between-study comparison revealed very large (ES = 2.16-4.77) differences in HGS between professional and amateur baseball players (76, 199) . A similar trend was also observed in ice-hockey players; where elite collegiate male hockey players produced significantly larger HGS in comparison with subelite collegiate players. The elite players were also significantly taller and heavier, which may have contributed to the differences in HGS (129) . Trivial to very large correlations were observed between HGS and shot (wrist and slap) velocity in male and female hockey players (4, 202) . Alexander et al. (4) observed that body mass (r = 0.48) was more closely associated with slap shot velocity than HGS (r = 0.25) in elite male ice-hockey players. In support of the notion that HGS plays a role in shot velocity, Zane (202) observed that players with a high slap-shot velocity produced significantly greater HGS in comparison with their low-velocity counterparts.
A limited number of studies have investigated the effects of HGS training interventions on sports-specific actions, such as throwing and swinging; therefore, it is difficult to draw any definitive conclusions. However, 2 studies investigating the effects of resistance training supplemented with HGS and forearm training over 12 weeks found significantly greater improvements in forearm and HGS than the resistance training-only group (175); similar moderate improvements in bat swing velocity (3.2 and 3.5%) were observed in both training groups (174) . This indicates that performing additional resistance training designed to increase forearm and HGS did not further enhance batswing velocity in high school baseball players. Furthermore, an 8-week bat swing training study using a dynamic moment of inertia bat designed to reduce the moment of inertia during the initial stage of the swing lead to significantly greater improvements in bat velocity (6.2%) in comparison with training with a standard bat (22.1%) (99) . Of note, 8 weeks of inertia bat training lead to trivial reductions (ES = 20.09) in right HGS and moderate improvements (ES = 0.44) in the left HGS, respectively, whereas the standard bat training lead to large reductions (ES = 20.68 and 20.74) in the rightand left-HGS. In summary, resistance training without additional HGS training is an effective means of improving HGS and bat swing velocity concurrently in high school baseball players, whereas rotational inertia bat swing training is 2-fold more effective than resistance training at increasing bat swing velocity in baseball players. Other hand-toimplement sports, such as tennis, squash, and badminton, could also potentially benefit from rotational velocityspecific training using specialized equipment.
Handgrip Strength in Court Sports. Court sports where hand function and arguably HGS are of importance include racket sports (e.g., tennis, squash, and badminton), handball, volleyball, basketball, netball, and box lacrosse. In most court sports, high torque and rotational velocity of the shoulder, arm, and wrist during overarm movements are desired attributes and a requirement for generating greater ball release velocities (185). Wagner et al. (185) the overarm movements of serving a tennis ball, spiking a volleyball, and throwing a handball have similar but not identical proximal-to-distal sequencing of joint kinematics throughout the phases (i.e., cocking, accelerating, and follow through), indicating that there is a general motor pattern in overarm movements. Hence, the similar associations with the various predictive variables, such as moderate to very large correlations, were observed between HGS, and ball/ racket velocities during serving in tennis and volleyball players (r = 0.30-0.66), and throwing velocity in handball (r = 0.50-0.68) (24,114,133,161,182,203 ). These findings further support the notion that HGS is an important attribute for athletes performing high rotational torque actions, such as overarm throwing, serving, and spiking actions, where the successful action of serving a volleyball and/or tennis ball depends on height of contact, ball direction (i.e., projection and trajectory), and release velocity.
Volleyball and handball playing ability (r = 0.78-0.90) and tennis ranking (r = 0.67-0.80) also seem to be strongly associated with HGS, sprint acceleration, jumping ability, and motor coordination (61, 114, 131, 132, 162) , with the exception of Roetart et al. (144) who found a trivial relationship between tennis ranking and HGS in junior male tennis players. To further support these relationships, elite handball athletes produced significantly greater HGS (MDiff = 30%) and muscle mass (MDiff = 17%) in comparison with their subelite counterparts (109) . Handgrip strength is less of a discriminator between elite and subelite junior court-based athletes, as may be expected based on the similarities in body mass and, in turn, muscle mass between elite and subelite youth athletes (132, 183) .
Other strength (e.g., bench press strength and wrist, elbow, shoulder, and knee torque), ballistic (e.g., medicine ball throw distance, and bench throw velocity, and power), flexibility (e.g., shoulder and wrist), and anthropometric (e.g., body mass, lean mass, height, and arm span) measures were also moderately to very largely correlated (r = 0.31-0.85) with serving, spiking, and throwing velocity in tennis, volleyball, and handball athletes, respectively (24, 26, 114, 128, 160, 203) . This indicates that multiple regression analyses that include 2 or more of the key variables (e.g., anthropometric, flexibility, strength, and ballistic ability) provide better predictive ability of serving and throwing velocity, as opposed to a single variable (24, 26, 132) .
Handgrip strength was also found to be very largely correlated with free throw shooting accuracy (r = 0.76) of semiprofessional basketball players in a nonfatigued state; however, in a fatigued state (posttraining), a nonsignificant relationship was observed (104) . The authors suggest that this was due to varying within group adaptations to training load, which was likely due to individual variations in fitness and recovery rates. With the exception of the above study, movements and actions requiring a high amount of precision and accuracy seem to be less related to HGS, such as points/ game and assists/game in basketball (113) , or tennis stroke technique and accuracy (i.e., service, forehand, backhand, down line, cross-court, and serve placement) (128, 144) . Shot accuracy and precision in tennis players was more closely associated (r = 0.34-0.57) with other strength measures, such as knee and shoulder torque (128) .
Handgrip Strength in Field Sports. Field sports, where hand function is of importance include field hockey (i.e., passing and shooting), field lacrosse (i.e., defending, passing, and shooting), rugby (i.e., passing, gripping, fending, and tackling), Australian Rules Football, Gaelic Football, American football (throwing, gripping, fending, and tackling), and European football (i.e., during the throw-in and for the keeper). In field sports, the hand applies a gripping force to the implement (i.e., stick), object (i.e., ball), or body (i.e., opposition) for the purpose of holding or restraining, which is often a quasi-dynamic or an isometric application of HGF. Anecdotally, grasping and holding a stick or an object in sport will require less HGF in comparison with the HGF required for gripping, holding, restraining, and/or tackling an opposing player. However, there is minimal HGF research on field sport-specific actions to support these claims.
In contact field sports, such as American football, moderate to very large differences (ES = 0.47-1.10) were observed between elite and subelite male athletes (159, 168) . Straub (168) also observed significantly larger HGS in the older more experienced professional players (age = 28 years) in comparison with the younger less experienced collegiate players (age = 20 years). Williford et al. (195) also observed that heavier linemen possessed much greater levels of overall strength (ES = 1.10-1.94) than the lighter backs. Similarly, older and heavier professional rugby league players possessed significantly greater overall strength (ES = 1.78) in comparison with the younger lighter subelite state league players (8) . Based on the positive associations (r = 0.46-0.58) between HGS and overall strength and body mass in rugby and American football athletes (180) , it can be inferred that field sport athletes possessing greater overall strength should also possess greater HGS.
The strength differences within a homogenous group of professional athletes seem to be much less. Shields et al. (159) investigating the strength differences within a team of professional American football players found small to moderate nonsignificant differences in HGS and overall strength (i.e., upper-and lower-body strength) between veteran starters and nonstarters. To further support these findings, trivial to small negative and positive correlations were observed between HGS and player rankings within samples of collegiate and professional American football teams, indicating that HGS is unrelated to playing performance within a given cohort of American football athletes (168) . These findings are also in agreement with trends observed in elite male field hockey players and professional male baseball players (76, 157) .
As expected, other performance markers, such as sprinting, change-of-direction, and aerobic capacity, were unrelated to HGS in field sport athletes (r = 20.11 to 0.16); with the exception of a group of adolescent (age = 11-17 years) European football players (80) . In this study, sprint and change-of-direction ability were significantly correlated with HGS, and most physical performance measures were significantly correlated with age. These findings indicate that HGS may be a covariate of overall physical ability and age in developing youth athletes.
A number of actions performed in field sports (i.e., passing, throwing, and shooting) also require high torques and rotational (angular) velocities for generating greater ball release velocities. During these actions, the hand is the terminal point (i.e., last point) of contact along the kinetic chain just before release or impact; therefore, optimal function of the hand is vital to applying force and pressure to the implement or ball in their execution (198) . The timing and sequencing of the applied force during these actions is arguably more important than the maximum amount of HGF an athlete can generate. The low correlations observed between maximum HGS and passing and shooting accuracy in field sports reinforce the notion that HGS is not the determining factor in highly coordinated skilled actions (107, 157, 189) .
Handgrip Forces in Action. The coordination, timing and sequencing of force, and pressure applied by the hand to an object (i.e., ball) or implement (i.e., bat, stick, racket, or club) during the various stages of a given sports-specific movement pattern (i.e., swinging an implement and/or throwing an object) are fundamental to understanding the importance of the hand to sports performance. The laws of linear, angular, and projectile motion state that angular velocity, point of contact or point/height of release, impact force, release trajectory, and linear release velocity are the key performance indicators for swinging an implement and throwing an object. Accurate assessment of HGFs along with other kinematic (i.e., angular acceleration and angular velocity) and kinetic (i.e., torque) variables contributing to the resultant performance indicators are key to understanding the mechanisms of these actions. Based on the HGFtime signatures during the golf swing, cricket bat swing, baseball bat swing, hockey slap-shot and wrist-shot, and tennis forehand, and backhand, the following trends were observed (17, 19, 36, 90, 92, 95, 152, 169, 202) :
Low total HGFs were applied during the backswing. High total HGFs were applied during the acceleration phase.
Reduced total HGFs at impact A spike in force occurring immediately before and a second spike in force occurring immediately after impact (with the exception of cricket batting) Furthermore, the amount of force and pressure used to grip a ball, stick, racket, club, bat, bar, disk, or handle is inversely proportional to wrist range of motion; and in turn the amount of applied force varies throughout the stages of a given movement pattern. This mechanical relationship between force application and joint range-of-motion during complex dynamic movements in sport may help explain the conjecture in the literature regarding the relationship between isometric HGS and sports performance. This information suggests that the timing and sequencing of the force applied to an implement or object by the hand (palm, digits, and thumb) in sport is of greater importance than the magnitude of applied force alone.
Handgrip Strength in Water Sports
In water sports, the hand is often directly (i.e., swimming) or indirectly (i.e., gripping a paddle, oar, or rudder) the last bodily point of contact within the kinetic chain propelling oneself through the water; hence, the importance of the hand to performance in most, if not all, water sports. In competitive swimmers, trivial nonsignificant to very large significant correlations were observed between HGS and freestyle swim performance (12, 25, 32, 57, 58, 147, 200) . The majority of these participants were composed of competitive youth and teenage athletes (82%). In light of these mixed findings, stronger correlations were observed between HGS and sprint swim performance (r = 0.18-0.82; distance #100 m) in comparison with swim endurance performance (r = 0.01-0.65; distance $200 m) in youth and teenage swimmers. To further reinforce the notion, a regression analysis revealed that HGS may have a greater contribution to sprint swim performance. Zampagni et al. (200, 201) found that HGS explained 52% of the variance in 50-m freestyle swim performance and only 15% of the variance in 800 m swim performance of elite male and female masters swimmers (n = 135). Therefore, HGS could possibly be used as an affective sprint distance performance predictor in competitive masters swimmers. Based on the physical characteristics of swimmers, it has been suggested that maximum HGS along with other upper-and lower-body strength measures play a greater role in sprint swim vs. endurance swim performance (58) . Other single and multiple (combined) measures of strength (e.g., tethered swim force, upper arm, shoulder, and abdominal flexion) along with horizontal jump performance, aerobic and anaerobic capacity, anthropometry (e.g., height, arm span, and foot length), and flexibility (ankle and shoulder range of motion) are of equal or greater importance to predicting swim performance (i.e., through linear and multivariate regression analyses) in adolescent, teenage, and adult swimmers (32, 147, 200) .
It is also suspected that HGS would also play a part in a number of other water sport disciplines such as, surfing, kayaking, canoeing, paddle boarding, rowing, whitewater slalom (canoe and kayak), and sailing. In support of this claim, Secher (156) (68) also found that HGS was largely to very largely correlated with average power during a 2-minute maximum effort canoe and kayak ergometer sprints in elite flatwater canoers (r = 0.75) and kayakers (r = 0.65), respectively. Large to very large correlations were also observed between kayak/canoe ergometer performance and a number of anthropometric measures (e.g., body mass, lean muscle mass, and chest, waist, and arm girth), bench press strength, and lowerbody knee extension torque. These findings further reinforce the notion that possessing the aforementioned anthropometric and physical performance qualities are beneficial to excelling in water sports.
There is sufficient volume of research investigating the relationships between HGS and throwing velocity in water polo athletes (1, (40) (41) (42) 108) . Water polo can be described as a contact team sport with an emphasis on swimming, jumping, throwing, blocking, pushing, and holding (42) . The overhand throwing action used for 90% of all passes and shots in water polo is similar to that of other throwing sports (e.g., handball, baseball, and cricket). The main point of difference is that water polo athletes must generate the majority of their force and torque with their upper body as opposed to landbased sports where force is transferred from the ground through the kinetic chain. Moderate to large correlations were observed between HGS and throwing velocity in elite water polo athletes, accounting for 13-36% of the variance in throwing velocity (1, (40) (41) (42) . The findings indicate that certain anthropometric characteristics (r = 0.68-0.95), such as limb length, height, lean muscle mass, and somatotype along with throwing technique, may be greater predictors of throwing velocity in water polo athletes (1, 41, 42) . No water sport HGS comparative studies (elite vs. subelite) were available.
Handgrip Strength in Climbing and Gymnastics
Athletes partaking in climbing and gymnastics (i.e., rings and bars) arguably require a high amount of relative HGS and HGS endurance to successfully compete in their respective disciplines. Limited research is available on HGS and performance in gymnastics athletes; however, one study found very large correlation (r = 0.81) between HGS and HGS endurance in ring athletes (146) . Because of the limited number of articles published on gymnastics athletes, subsequent discussions will focus on climbing athletes. In climbers, large to very large correlations were observed between maximum relative HGS (i.e., HGS relative to body mass), crimp grip strength, pinch grip strength, and rock climbing ability (r = 0.55-0.94) (9, 53, 116, 191) .
Following a similar trend to previous sections, climbing performance is related to the interactions of multiple variables (e.g., upper-and lower-body strength, anthropometry, body composition, and flexibility) rather than a single predictive measure (115, 116, 187) . Studies comparing elite to subelite adult male rock climbers observed large to very large differences (ES = 1.20-3.86) in HGS between groups (9,64). More pronounced HGS differences were observed between elite and subelite female rock climbers (ES = 2.00-4.90), whereas similar differences were also observed between elite and subelite female athletes in other sports (i.e., field hockey, judo, and 10-pin bowlers) (9, 15, 63, 87, 136, 148, 179, 187) . Based on the correlation and comparative findings, there is strong evidence to suggest that possessing a high amount of relative HGS is advantageous to competing and excelling in the sport of climbing as well as gymnastics (i.e., rings and bars).
Handgrip Strength in Combat Sports
Success in combat sports, such as boxing, mixed martial arts, and wrestling, is multifaceted and requires high levels of technical, tactical, physical, and psychological ability to compete and excel at any level (47, 148) , and cannot be predicted by a single physical parameter. Franchini et al. (49) found no significant relationships between HGS and technical actions (e.g., throws, holds, locks, or chokes) in elite judokas. Opposing this finding, moderate and very large relationships have been observed between HGS and wrestling success (r = 0.41) and boxing competition ranking (r = 0.87), respectively (66, 122) . In support of the positive relationship between HGS and combat sport performance, a pooled ES comparison of elite to subelite athletes indicates that elite male athletes possess higher HGS in comparison with their subelite counterparts (ES = 0.91). Furthermore, elite adult male wrestlers (ES = 1.17) and judokas (ES = 2.23-3.07) produced much larger HGS in comparison with subelite adult male wrestlers and judokas (33, 122) . These elite combat sport athletes also possessed greater overall strength (i.e., bench press, squat, and pull-up strength) and ballistic abilities (i.e., vertical jump, horizontal jump, sprinting, and shot put performance); further supporting the notion that HGS is a covariate of overall strength.
Similarly, junior male high school wrestlers with a high winning percentage possessed significantly greater HGS (ES = 3.33) than wrestlers with a low winning percentage (143) . The pooled data also suggest that HGS has a large positive effect (ES = 0.70) on wrestling and judo performance in junior male athletes. However, the high variability in the magnitude of differences (ES range = 20.61 to 0.83) in HGS between studies comparing elite to subelite junior male combat sport athletes provides some evidence to refute the importance of HGS to performance (15, 27, 28, 55, 148) . Demirkan et al. (27) observed trivial to moderate nonsignificant HGS differences between junior male (age = 16.2-16.7 years) elite and subelite wrestlers. Sánchez et al. (148) also observed trivial to moderate nonsignificant HGS differences between gold, silver, bronze, and nonmedaling junior male (age = 15-19 years) judokas, whereas Garcia-Pallares et al. (55) using a slightly older cohort of junior male wrestlers (age = 17.5-19.6 years) found that the elite wrestlers exhibited moderate nonsignificant to largely significant greater HGS capabilities vs. their subelite counterparts. These findings suggest that the magnitude of difference in HGS between elite and subelite adult male wrestlers and judokas is larger than the HGS differences in junior elite and subelite male wrestlers and judokas. A possible explanation for this phenomenon could be that the differences in overall strength (i.e., maximum upper-and lower-body strength) between the elite and subelite athletes within the junior male population are less than the overall strength differences within the adult male population.
The differences in HGS between elite and subelite female combat sport athletes were more pronounced than those in their male counterparts. A pooled ES analysis revealed very large HGS differences (ES = 1.57) between elite and subelite junior female wrestlers and judokas (15, 56, 148) . The accentuated HGS differences between elite and subelite combat sport athletes within the female population may be in part attributed to the differences in age, overall strength, and training experience (56) .
Following a similar trend to the previously discussed sports and athletic disciplines, combat sport studies have observed moderate to very large overall strength differences between elite and subelite combat sports athletes (27, 55, 56, 122) . In addition, there are moderate to very large relationships between combat sport performance and other strength (r = 0.40), anaerobic (r = 0.65-0.91), aerobic (r = 0.81), and body composition (r = 20.70 to 20.87) measures (49, 66, 122) . In summary, elite combat sport athletes seem to possess greater overall maximum strength, explosive strength, lower-body fat percentages, and greater aerobic and anaerobic capacities in comparison with amateur and subelite combat sport athletes.
Handgrip Strength in Strength Athletes
The literature indicates that there is a strong linear relationship between maximum HGS and maximum upper-and lower-body strength in nonstrength sport athletes. This relationship in strength athletes is subsequently discussed. Athletes participating in the following disciplines are classified as strength athletes: Olympic weightlifters, powerlifters, and strongman competitors. Schoffstall et al. (153) observed nearly perfect correlations (r $ 0.97) between HGS and powerlifting strength (i.e., bench press, squat and deadlift) in male and female raw competitive powerlifters, whereas small to moderate correlations (r = 0.31-0.41) were observed between HGS and powerlifting strength in equipped powerlifters (i.e., permitted to wear wrist wraps, knee wraps, and supportive powerlifting suits). It seems that HGS is a good indicator of total strength in competitive raw powerlifters, but not equipped powerlifters. The importance of HGS in equipped powerlifting is likely reduced because of the use of wrist wraps, knee wraps, and powerlifting suits designed to better stabilize the athlete during the various lifts, whereas in raw powerlifting, wraps and suits are not permitted likely increasing the HGS demands during the respective lifts. A relatively small sample size was used in this study; therefore, caution is advised when interpreting these relationships.
In support of these relationships, Fry et al. (52) observed large differences in HGS (ES = 0.93) between the elite and subelite junior Olympic weightlifters. The elite group was also more impulsive (i.e., vertical jump) and stronger across all lifts (i.e., snatch, clean and jerk, front squat, back squat, and bench press). The above study suggests that a regression analysis incorporating the following testing battery, vertical jump ability, HGS, body composition, flexibility, and kinesthetic awareness can be used to accurately differentiate elite from subelite junior male weightlifters. These findings align with previous recommendations, in that multiple regression analyses that include 2 or more important dependent variables will provide a more accurate and informative prediction of athletic ability. Of note, the elite junior lifters herein possessed strength levels (clean = 125 kg, back squat = 173 kg, bench press = 111 kg) similar to those of adult male team sport athletes. Caution must be advised when interpreting these findings, as only a small cohort of strength athletes were examined because of the lack of current research examining HGS in strength athletes.
CONCLUSION
An HGD, as with any assessment tool, requires rigid adherence to clinical, practical, and/or newly developed sports-specific HGF and pressure testing protocols to provide robust and reliable monitoring of athletes. Based on the large number of HGS studies discussed in this review, key generalizations and sports-specific recommendations for strength and conditioning coaches have been provided.
In general, HGS seems to be an attribute of elite athletes and a covariate of overall upper-and lower-body strength, impulsive ability (i.e., sprinting and jumping), body mass, lean muscle mass, age, and training experience (i.e., training age). Handgrip strength also seems to be related to movement patterns (i.e., most rotational movements) that use the kinetic chain (i.e., the summation of forces and torques initiated and distributed in sequence from large to small muscle groups) to generate large torques and angular velocities, where the hand is the terminal (i.e., last) point of contact before impact and/or release. Furthermore, the timing and sequencing of the force applied to an implement (i.e., bat, stick, club, racket, and bar) or object (i.e., ball) by the hand in sport is arguably of greater importance than the magnitude of applied force alone. The transfer of force and torque during any complex kinetic chain movement sequence is dependent on several factors including technique (i.e., coordination and sequencing), strength, anthropometry, and flexibility.
By way of contrast, movement patterns requiring a high degree of accuracy and relatively low release velocities are poorly related to maximum isometric HGS. These movement patterns may include, but are not limited to, shooting and passing accuracy, chipping and putting accuracy, tennis stroke placement, fielding performance (i.e., baseball and cricket), and bowling score. Similarly, once a threshold of HGS is attained, such as within a group of elite athletes, further competitive advantage may not be gained in sports where timing (e.g., bat, club, stick, and racket sports) and/or the scoring of skilled maneuvers is part of the technical and tactical strategy (e.g., judo, wrestling, boxing, and mixed martial arts) (179) . It is also not surprising that aerobic fitness measures share less common variance with HGS, as remarkable muscle mass is not observed or needed in sports requiring such attributes.
In summary, HGS training is conceivably of importance to enhancing the performance of a number of gross motor movement patterns in sports and athletic disciplines involving the hand. By simply increasing the overall upper-and lower-body strength and increasing muscle mass through various resistance-training interventions, an athlete's maximum isometric HGS should increase. However, improving an athletes' ability to effectively apply force to an object or implement during a given sport-specific movement pattern is multifactorial. These factors include technical ability (i.e., movement coordination, sequencing, and timing), physical capacity (i.e., strength, flexibility, neuromuscular function, and reaction time), body composition anthropometry, and tactical ability (i.e., reading and reacting to the opposition). Therefore, it is recommended that the sport scientist, strength and conditioning coach, and technical (i.e., skills) coach Identify the key physical, technical, and tactical factors that determine proficiency and mastery of a given movement pattern; Develop a specific battery of tests to effectively measure and monitor improvements in these key factors; and Train the key movement patterns and muscle groups to improve and master a given sports-specific movement pattern.
